Bisulfite sequencing is widely used to detect 5mC and 5hmC at single base resolution. It is the most accepted method for detecting these cytosine modifications, but it does have significant drawbacks. DNA is frequently damaged resulting in fragmentation, loss of DNA and inherent biases introduced to sequencing data. To overcome this, we developed a new method called Enzymatic Methyl-seq (EMseq). This method relies on two sets of enzymatic reactions. In the first reaction, TET2 and T4-bGT convert 5mC and 5hmC into substrates that cannot be deaminated by APOBEC3A. In the second reaction, APOBEC3A deaminates unmodified cytosines converting them to uracils. The protection of 5mC and 5hmC permits the discrimination of cytosines from 5mC and 5hmC. Over a range of DNA inputs, the overall fraction of 5mC and 5hmC in EM-seq libraries was similar to bisulfite libraries.
Introduction
There are approximately 2.6 billion cytosines in the human genome, and when both DNA strands are considered, 56 million of those are followed by guanines (CpGs) [1] . In mammalian genomes, 70% to 80% of CpG are modified [2] . Cytosines modified at the 5 th carbon position with a methyl group result in 5-methylcytosine (5mC) and oxidation of 5mC results in the formation of 5-hydroxymethylcytosine (5hmC). These modifications are important due to their impact on a wide range of biological processes including gene expression and development [3] . Cytosine modifications are often linked with altered gene expression, for example, methylated cytosines are often associated with transcriptional silencing and are found at transcription start sites of repressed genes [4] or at repetitive DNA and transposons [5] . Recently however, it has been reported that some genes can be activated by 3' CpG island methylation during development [6] . The ability to accurately detect 5mC and 5hmC can have profound implications in understanding biological processes and in the diagnosis of diseases such as cancer.
To date, bisulfite sequencing has been the accepted standard for mapping the methylome. Sodium bisulfite chemically modifies DNA and results in the conversion of unmethylated cytosines to uracils (Supplemental Figure 1) , however, 5mC and 5hmC are not converted under these reaction conditions glucosyloxymethyl)cytosine (5gmC) ( Figure 1B) . These reactions protect 5mC and 5hmC against deamination by APOBEC3A ( Figure 1C , Figure 3C ). This ensures that only cytosines are deaminated to uracils, thus enabling the discrimination of cytosine from its methylated and hydroxymethylated forms.
The following sections characterize the catalytic actions of TET2, T4-bGT, and APOBEC3A.
Activity of TET2 and T4-bGT on 5mC and 5hmC
A previously described engineered form of mouse TET2, mTET2CDD [16] was used in the experiments described throughout this paper and will be referred to as TET2. TET2 oxidizes greater than 99.5% of 5mC sites in NA12878 genomic DNA (gDNA) with up to ~85% being found in the 5caC oxidized form ( Figure 2A ). The oxidation efficiency of TET2 on 5mC was examined in gDNA from different organisms ( Figure 2B ) with 99% and higher of the 5mCs being efficiently oxidized in mouse and human gDNAs as well as Arabidopsis thaliana, which has methylation occurring in CpG (24%), CHG (6.7%), and CHH (1.7%) contexts [17] . Furthermore, TET2 oxidizes 96% of 5mC on Xanthomonas oryzae (bacteriophage XP12) gDNA ( Figure 2B ). The 3% difference in the efficiency for the oxidation of XP12 gDNA compared to mammalian or Arabidopsis gDNA is attributed to XP12 having 100% of its cytosines methylated and therefore it is a far more difficult substrate for TET2 than mammalian or plant gDNA (for example only 1.5% methylation of cytosine content is found in human gDNA [18] ). In addition to TET2, T4-bGT is an important component of the enzymatic system that enables discrimination of 5mC/5hmC from unmodified cytosine by glucosylating 5hmC and blocking APOBEC3A deamination. The results obtained show that T4-bGT effectively glucosylates all 5hmC formed by TET2 to 5gmC. 5fC and 5caC are also formed during the course of the TET2 reaction ( Figure 2A ). The combined action of TET2 and T4-bGT ensures that 5mCs and 5hmCs are modified ( Figure 2C ) and are no longer substrates for APOBEC3A.
APOBEC3A substrate specificity
The deamination activity of an engineered form of APOBEC3A (NEB, Ipswich, MA) was determined using single stranded oligonucleotides that share the same core sequence and contain a single cytosine or methylated cytosine preceded by either thymine, uracil, guanine, adenine, or 5mC/cytosine ( Supplementary Table 1 ). In general, APOBEC3A favored cytosine containing oligonucleotides over their 5mC counterparts by 5-10 fold depending on the dinucleotide combination ( Figure 3A , 3B).
Oligonucleotides with either thymine or uracil preceding cytosine or 5mC ( Supplementary Table 1) showed higher observed rate constants (kobs) for deamination than the rest of the substrates ( Figure 3B ). However, by extending the reaction time, all substrates were fully deaminated.
In addition to APOBEC3A activity based on dinucleotide context, we tested more extensively the effect of APOBEC3A on cytosine and several of its derivatives. Time course reactions confirm that both cytosine and 5mC are deaminated efficiently by APOBEC3A with cytosine being approximately a 2-fold better substrate ( Figure 3C ). On the other hand, only 50% of 5hmC substrate is deaminated by the enzyme indicating that there could possibly be a product inhibition effect. 5fC is a very poor substrate with minimal deamination detected whereas 5caC and 5gmC show no reactivity with APOBEC3A. These data demonstrate that APOBEC3A selectively deaminates cytosine and 5mC and partially deaminates 5hmC while exhibits no activity on 5fC, 5caC, and 5gmC. Therefore, an enzymatic approach for detecting 5mC and 5hmC that uses TET2, T4-bGT, and APOBEC3A can be used for specific mapping of 5mC and 5hmC within the genome.
TET2 and APOBEC3A maintain DNA integrity
Sodium bisulfite treatment of DNA is destructive. We postulated that non-chemical conversion of DNA to detect 5mC and 5hmC using the enzymes described above for oxidation, glucosylation and deamination would maintain DNA integrity. To evaluate this, bisulfite and enzymatically converted NA12878 gDNA was PCR amplified using primers that were designed to amplify amplicons ranging in size from 543 bp to 2945 bp. Enzymatically converted DNA generated PCR products that ranged in size from 543 bp to 2945 bp (Supplemental Figure 3 ). Bisulfite converted DNA however, could only amplify up to the 1181 bp PCR product. These data strongly indicate that DNA is more intact using enzymatic conversion compared to chemical conversion and therefore can facilitate better detection of 5mC and 5hmC across the genome.
EM-seq is superior to bisulfite sequencing
Taking advantage of these initial studies into TET2, T4-bGT and APOBEC3A and their potential for detection of 5mC and 5hmC while maintaining DNA integrity, Enzymatic Methyl-seq (EM-seq), a highthroughput sequencing method was developed. It incorporates the oxidation/glucosylation (TET2/ T4-bGT) and deamination (APOBEC3A) steps with Illumina NEBNext library preparation to produce a method that is robust, accurate and reproducible in the characterization of CpG modifications (Figure 4 ).
EM-seq and bisulfite libraries were made using 10, 50 and 200 ng of NA12878 gDNA. Compared to bisulfite libraries, EM-seq libraries produce higher library yields using fewer PCR cycles for all DNA inputs ( Figure 5A ) and they also contained fewer sequencing duplicates resulting in more useable reads ( Figure   5B ). This ultimately increases the effective coverage of the EM-seq libraries across the genome. In addition, EM-seq libraries display a more normalized GC bias profile than bisulfite libraries which have an AT rich and GC poor profile ( Figure 5C ). Combining this observation with its even dinucleotide profile, (Supplementary Figure 4 ) provides compelling evidence that EM-seq libraries do not contain the same biases of bisulfite sequencing. These basic metrics provide the basis for the subsequent CpG analysis and the superior performance demonstrated by the EM-seq libraries.
EM-seq and bisulfite NA12878 libraries have similar cytosine methylation for all DNA inputs: CpG methylation is around 52% while for CHG and CHH contexts methylation is <0.6% ( Figure 6A ). Two internal controls, unmethylated lambda and CpG methylated pUC19, were included during library construction. Cytosine methylation of unmethylated lambda DNA in CpG, CHG and CHH contexts were <0.6% and for pUC19, CpG methylation was around 96% and <1.6% in the CHG and CHH contexts (Supplemental Figure 5 ). Furthermore, CpG coverage and the percent CpG methylation per base are represented by data analyzed using methylKit (Supplemental Figure 6 ). These data also demonstrate increased coverage of CpGs by EM-seq as well as the expected percentage of methylation per base with the majority of CpGs being found at 0% and 100%. Intermediate methylation is also more apparent with EM-seq than bisulfite sequencing. We also compared methylation state between EM-seq and bisulfite Figure 6B and 6C). However, at the highest coverage depths >11x, bisulfite covers many more CpGs ( Figure 6B ). This is a result of the biased Figure 7D ). Furthermore, increasing the minimal coverage depth to 8x demonstrates not only higher coverage (7E), but that the EM-seq libraries more confidently represent the cytosine methylation status ( Figure 7F ). Transcription start sites are expected to have limited CpG methylation. Figure 15 ) all indicate that the low-input libraries perform very well.
EM-seq libraries display low levels of
The 500 pg -10 ng DNA inputs identified similar numbers of CpGs within the genomic features and the 100 pg input covered slightly fewer CpGs ( Figure 8C , Supplemental Figure 12A ), likely due to additional PCR duplication. In addition, methylKit CpG methylation plots indicate that methylation is as expected with the majority of CpGs falling into either 0% methylation or 100% methylation (Supplemental Figure   13 ). In order to further compare the low input EM-seq method to standard EM-seq libraries and WGBS libraries, 10 ng inputs for both library types were downsampled to 810 million total human reads. In all comparisons, from correlation (Supplemental Figure 11B 
Discussion
The most routinely applied method to detect 5mC and 5hmC in gDNA uses sodium bisulfite. Despite its popularity, it does have drawbacks as it is known to damage DNA and is often associated with under-or over-conversion of cytosines [19] [20] [21] . To overcome these issues, we developed EM-seq, an enzymatic method to determine the methylation status of cytosines. This method relies on a trio of enzymes, and their ability to optimally oxidize 5mC, glucosylate 5hmC, and deaminate unmodified cytosines to thymines. The TET2 enzyme used in this study has robust activity converting 99.5% of 5mC to its oxidative forms. Combining T4-bGT with TET2 effectively protects both 5mC and 5hmC, but not cytosines, from subsequent deamination by APOBEC3A. This enzymatic manipulation of cytosine, 5mC and 5hmC enables discrimination of 5mC/5hmC from cytosine in high-throughput sequence data. 5mC and 5hmC are sequenced as cytosines whereas cytosines are sequenced as thymines. These nucleotide classifications use the same designations associated with bisulfite sequencing which allows the EM-seq method to seamlessly integrate with any preferred pipeline for bisulfite data including, Bismark and bwa-meth. This is useful as it avoids the need to invest in the design of new analysis methods. The adaptation of enzymatic conversion for high-throughput sequencing enhances the study of the whole methylome and permits DNA profiling from challenging samples. These include lower DNA inputs as well as more diverse types of input material. Bisulfite sequencing has traditionally been difficult to apply to cell free DNA and Formalin Fixed Paraffin Embedded (FFPE) DNA, primarily due to low inputs and the presence of DNA damage. The EM-seq results herein demonstrate that the method can overcome these challenges and provides researchers with the required tools to probe new avenues of research. We demonstrated that EM-seq can be used with as little as 100 pg DNA and that the methylation and CpG coverages follow similar trends as seen with 10-200 ng DNA inputs. In addition to short-read sequencing, enzymatic conversion has the potential to be optimized for long read sequencing using PacBio or Oxford Nanopore, as well as enzymatic equivalents for reduced representation bisulfite libraries (RRBS), use of converted DNA to probe arrays, perform target enrichment and long-amplicon sequencing. We envision most of the improvements to these applications coming from the intact nature of the DNA that is associated with the enzymatic conversion found in EM-seq and resultant improvements to coverage profiles.
New methods to capture the methylation or hydroxymethylation status of cytosines have recently been reported. TET-assisted pyridine borane sequencing (TAPS) combines enzymatic oxidation of 5mC to 5caC with a chemical deamination step of 5caC. The method can also be modified to detect 5hmC, by glucosylating 5hmC to 5gmC prior to TET oxidation. Another method, ACE-seq relies solely on enzymes to glucosylate 5hmC before deaminating both cytosine and 5mC to uracil but provides no information on 5mC. Both of these methods have drawbacks. TAPS requires significant investment in the development and validation of new analysis tools for data analysis, shows more biased coverage of CpG Islands than EM-seq, and has not been shown to work with inputs below 1 ng of DNA [15] . Sequencing data produced from EM-seq libraries can be analyzed using pipelines currently used for bisulfite data, shows almost no coverage bias toward any specific genomic feature and can work with inputs as low as 100 pg of DNA. Combining ACE-seq data with bisulfite data can identify 5mCs, but this method is limited by the quality of the bisulfite data. EM-seq detects both 5mC and 5hmC and the method can be modified to only detect 5hmC, in a similar manner to that of ACE-seq to produce a more complete picture of the methylome.
In stark contrast to bisulfite converted sequencing libraries, the DNA incorporated into EM-seq libraries suffers from little to no damage and has very few biases associated with it. This combined with the fact that the EM-seq method allows accurate calling of DNA methylation, enhances the potential of this method for extraction of information from challenging samples, including low input, FFPE damaged and cell free DNA. The method thereby enables discovery in areas of methylome research that have been inaccessible to bisulfite sequencing.
Many researchers are pursuing multi-omics based approaches to better elucidate the various mechanisms involved in gene regulation. Inclusion of EM-seq methylome information in these studies will provide a more complete understanding of epigenomics and therefore when combined with mRNA expression levels (RNA-seq), chromatin state determinations (ATAC-seq, NOMe-seq, NicE-seq, Hi-C, Histone modifications), and regulatory factor occupancy (ChiP-seq) data will lead to enhanced multiomic comparisons. This ultimately will lead to a more complete understanding of cell regulation.
1.
Lander and resuspended in 50 μl of H2O. 0.8 U of Proteinase K (NEB, Ipswich, MA) was added and incubated for 60 min at 50 °C and the DNA was purified using the Oligo Clean & Concentrator kit (Zymo). DNA was analyzed for oxidized 5mC modifications using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) according to the procedure and instruments described previously [16] .
Glucosylation of 5hmC containing oligonucleotide
For the APOBEC3A substrate assay, a single stranded oligonucleotide containing 5hmC (Supplemental Table 2 ) was glucosylated at the 5hmC. 10 μg of substrate was incubated with 40 U of T4-bGT supplemented with 40 μM UDP-glucose in a 500 μl reaction for 16 h at 37 o C.
APOBEC3A substrate specificity and site preference analysis
The oligonucleotides used for the quantitative analysis of APOBEC3A site preference are shown in Supplemental Tables 1 and 2 
DNA Analysis
Paired-end reads from WGBS and EM-seq libraries were sequenced on the same flowcells, demultiplexed using Picard's IlluminaBasecallsToFastq 2.18.17. Fastq reads were adapter trimmed (trimadap from bwakit) and aligned to a reference genome including the GRCh38 analysis set and sequences used as controls (phage lambda, puc19c, phage T4 and phage XP12) (Supplemental Table 5 We assessed the number of "usable reads" using "samtools view -F 0xF00 -q 10 -c $bam"
A nextflow workflow containing the analysis detail is available in the supplemental materials.
Due to excess control concentration in the low-input experiment, downsampling was performed to produce equivalent numbers of human reads and replicates were assessed independently before combination for final methylation assessment. Summary fractions are expressed as fractions of human reads (instead of total reads). Otherwise, softward methods remained the same as for the standard protocol libraries. Software versions: Methyldackel 0.3.0, bwameth=0.2.0, bwa=0.7.17, bwakit=0.7.15, samblaster=0.1.24, sambamba=0.6.6, picard=2.18.14.
Data Availability
Sequencing data can be found at https://www.ncbi.nlm.nih.gov/bioproject/PRJNA591788 Table 2 ). Synthesis of 5gmC is described in Supplementary Figure 2 
